DNA probes specific for the genes encoding major lignin peroxidase (LIP) isozymes H2, H8, and H10 of Phanerochaete chrysosporium were constructed. These probes were used to study the temporal expression of the three lip genes in defined low-nitrogen medium. H2 gene transcripts were produced at high levels on days 4, 5, and 7 and at low levels on day 6, while the H8 gene transcripts peaked on day 4 and were produced in substantially lower amounts thereafter. H10 transcripts, on the other hand, peaked on day 4, dropped precipitously on day 5, and were barely detectable on days 6 and 7. There was no precise correlation between lip transcript and isozyme levels.
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During secondary metabolism, the lignin-degrading white rot basidiomycete Phanerochaete chrysosporium produces two families of catalytically distinct, extracellular, glycosylated, heme peroxidases, referred to as lignin peroxidases (LIPs) and manganese-dependent peroxidases, which play key roles in lignin degradation (3, 6, 12) . The LIP enzyme family consists of a number of closely related isozymes with molecular masses ranging from 38 to 43 kDa. The crossreactivities of polyclonal antibodies raised against different LIP isozymes and the results of analyses of peptides obtained after V8 protease digestion indicated that the LIP isozymes, although closely related to each other, can be divided into at least three subfamilies (9, 13, 18) . Several lip cDNAs and genes have been cloned and sequenced (18) . Structural analyses of the lip cDNAs and genes revealed that the different LIP isozymes are encoded by distinct genes, that the different lip genes exhibit high levels of nucleotide homology to each other, and that there are at least three subfamilies of lip genes within the lip gene family of P. chrysosporium (18) .
A number of cultural parameters, including the levels of carbon, nitrogen, and Mn(II) in the medium, are known to effect marked changes in the amounts and types of LIP isozymes produced by P. chrysosporium (3, 4, 9, 11, 12) .
However, previously there has been no information concerning the temporal patterns of expression of the individual lip genes because of a lack of gene-specific probes. This study was initiated to construct probes that are specific to the major lip genes encoding LIP isozymes H2, H8, and H10 and to use these probes to investigate the temporal patterns of expression of these genes in P. chrysosporium.
Culture conditions. Liquid cultures of P. chrysosporium BKM-F 1767 were grown in acetate-buffered low-N (2.4 mM N) liquid medium (45-ml portions in 125-ml Erlenmeyer flasks) as described by Dass and Reddy (7) . The cultures were incubated on a rotary shaker (200 rpm) at 39°C and were flushed with 100% oxygen at the time of inoculation and every day thereafter.
Specificity of the lip gene probes. Previously described lip gene sequences (15, 17, 21) were aligned by using GENEPRO * Corresponding author. (21) , and GLG3 (15) , which encode the major LIP isozymes H2, H10, and H8, respectively (Fig. 1 ). These isozymes were purified, their N-terminal sequences were determined (7) , and the isozymes were matched to the corresponding lip genes and cDNAs cloned and sequenced previously (15, 17, 21) . The GLG1-specific probe contained no intron, while the probes specific for GLG2 and GLG3 contained 52-and 36-bp introns, respectively.
Southern blots of the restriction digests of lip genomic clones pUGLG1 through pUGLG6 (21) , each of which contained the coding region for a different lip gene, were hybridized to the newly constructed probes for GLGI, GLG2, and GLG3. Our results showed that each of the three probes was specific for a lip gene, and no cross-hybridization was observed (Fig. 2) . Recently, Brooks et al. (5) described a polymerase chain reaction procedure for constructing probes specific for lip genes LIGI and LIG5 of P. chrysosporium ME-446.
Temporal production of lip gene transcripts. Total RNA was extracted as previously described (10) by using day 2 through day 7 cultures grown in low-N medium because most of the previous studies (3) showed that LIP production in this medium peaks around day 6. RNA was quantified by determining the A260; 25 ,ug was loaded into each lane of the gel, and Northern (RNA) blots were prepared as described by Sambrook et al. (19) . The blots were hybridized (4) with different lip gene probes and were densitometrically analyzed by using an AMBIS image analyzer (Ambis Systems, Inc., San Diego, Calif.) to determine the relative amounts of the transcripts produced. Previous studies showed that in cultures grown under nitrogen-limited conditions, LIP activity first appears in the extracellular culture fluid on day 3 or 4 and reaches a peak around day 6 (4, 8) . The results of this study (Fig. 3) showed that the level of H2-encoding GLGI transcripts peaked on day 4, steeply declined by day 6, and peaked again on day 7 (Fig. 3A) . The level of H10-encoding GLG2 transcripts, however, peaked on day 4, declined dramatically on day 5, cific for lip genes GLG1, GLG2, and GLG3 (which encode LIP isozymes H2, H10, and H8, respectively) are HindIII-SstI fragments from the 5' regions of the respective genes which were subcloned in M13 vectors and sequenced as described previously (15, 17, 21) . and was almost zero thereafter (Fig. 3B) . The level of H8-encoding GLG3 transcripts peaked on day 4, declined to a substantially lower level on day 5, and remained essentially at that level through day 7 (Fig. 3C) . Several independent lines of evidence support the conclusion that the H2-, H8-, and H10-encoding lip genes each have a distinct temporal transcription pattern, as shown in this study. Similar results were obtained consistently in at least three separate experiments. In independent experiments, RNA blots similar to those in Fig. 3 were probed with rRNA genes from Neurospora crassa, and comparable amounts of transcripts were observed in each of the lanes (data not shown), indicating that the variation in the transcription patterns of the lip genes described above was not due to anomalies in RNA loading rates. Additional evidence in support of the idea that the observed differences in lip transcription patterns in Fig. 3 were not due to differences in RNA loading rates is the fact that when the same RNA blot was hybridized to three different probes (Fig. 3) , three distinct hybridization patterns were obtained. For example, the RNA contained in lanes 4 was the same for Fig. 3A , B, and C, yet the transcription patterns of the three lip genes were different. Similarly, the same amount of RNA was contained in lanes 6 of Fig. 3A , B, and C; however, the hybridization patterns obtained for the RNA 
FIG. 2. Specificity of the lip probes.
Southern hybridization analyses were performed by using probes specific for lip genes GLG1, GLG2, and GLG3. The lip genomic clones pUGLG1, pUGLG2, pUGLG4, pUGLG5, and pUGLG6, each of which contains a different lip gene (15) (16) (17) 21) , were digested with BamHI, while pUGLG3, which contains the coding region for the H8 gene, was digested with BamHI and HindIII. The digests were electrophoresed on a 1% agarose gel (A) and Southern blotted by using standard methods (19) . The same blot was successively hybridized with 32P-labeled probes specific for GLG1 (B), GLG2 (C), and GLG3 (D) at 42°C for 12 h and washed under high-stringency conditions as described by Sambrook et al. (19) . Lanes 1 and 10 contained size markers (HindIll-digested lambda DNA), while lanes 3 through 8 contained DNAS from pUGLG1, pUGLG2, pUGLG3, pUGLG4, pUGLG5, and pUGLG6, respectively. No DNA was added to lanes 2 and 9. (7). RNA was extracted from day 2 through day 7 cultures as described by Haylock and Broda (10) and electrophoresed through 1.2% agarose gels containing 2.2 M formaldehyde. After electrophoresis, the gels were blotted by using standard methods (19) , and the blots were hybridized with 32P-labeled probes specific for GLGI (A), GLG2 (B), and GLG3 (C).
Lanes 1 through 6 contained total RNAs isolated from day 2 through day 7 cultures, respectively. Each lane contained 25 p.g of RNA.
The size of the hybridization bands was approximately 1.3 kb. The hybridization bands were densitometrically scanned by using the AMBIS image analyzer, and the resulting data are shown as peaks above the bands.
transcript levels for the H8-encoding gene occurred on day 4 and that these transcript levels decreased dramatically on days 5 Fig. 3) were analyzed for heme proteins by using FPLC as previously described (2, 4 is important among the LIP isozymes of P. chrysosporium since it is produced in substantial amounts compared with the other isozymes, regardless of the culture conditions employed (7, 11, 20) . Holzbaur and Tien (11) reported the production of the H2 isozyme under nitrogen-limiting conditions as well as carbon-limiting conditions; this is in contrast to the H8 isozyme, which is produced only under nitrogen-limiting conditions. Moreover, the H2 isozyme is produced in substantial amounts under shaken or static conditions and in cultures growing with acetate or dimethyl succinate buffers, which are the two most commonly used buffers in P. chrysosporium culture media (7, 20) . Recently, Brooks et al. (5) also reported that transcripts of the LIGS gene of strain ME-446, which is supposedly equivalent to the GLGJ gene of strain BKM-F 1767, are expressed in media containing various levels of nitrogen.
Currently, an important limitation in the study of the regulation of expression of individual lip genes of P. chrysosporium is the lack of probes which are specific enough to discriminate between different lip transcripts. The availability of such probes, as described in this paper and in the study of Brooks et Gene-specific probes should also be useful in studies of the regulation of lip gene expression when P. chiysosponum is grown on different species of softwood and hardwood.
